Introduction
The consumption of soybean derived products has increased considerably in the last years due to their good nutritional and health promoting properties and their use as ingredient in the elaboration of a large number of foods [1] . Genetically modified (GM) soybean is one of the main commercialized GM crops together with maize, cotton and canola. Due to the complex composition of foods, "safety assessment" for GM-cropderived foods is not a straightforward task as already discussed by several authors in the literature [2] . In order to overcome this difficulty, the term "substantial equivalence" has been proposed to achieve a better understanding on the chemical composition of GM crops [3] . Substantial equivalence studies should enable the identification of potential differences between the GM crop-derived food and the traditional counterpart with a history of safe use during decades [4] . Targeted analyses have been mainly used to corroborate this substantial equivalence, demonstrating their usefulness for the study of the primary or intended effect of the genetic modification. However, targeted analyses fail to identify any other unintended effect generating important doubts about their convenience to characterize new genetically modified organism (GMOs). In our opinion, profiling technologies such as genomics, transcriptomics, proteomics, and metabolomics, should be the method of choice to exhaustively investigate the physiology of GM plants [5] [6] [7] [8] [9] . Moreover, recently the European Food Safety Agency (EFSA) has recommended the development of profiling analysis to extend the breadth of comparative analyses among GMOs and their non-transgenic counterparts [10] .
Proteins are of special interest since they can e.g., have antinutrient properties, act as enzymes, have allergenic properties, be involved in the synthesis of toxins, etc. 4 Improved methods for proteins profiling may be helpful to discover unexpected changes in GM plants corroborating the substantial equivalence. In this regard, soybean is a high-quality source of vegetable proteins with low fat content and demonstrated healthpromoting properties [11] . Seed protein concentration of commercial soybean cultivars is approximately 40% w/w (calculated on a dry weight basis). The two main storage soybean proteins glycinin (11S globulin) and β-conglycinin (7S globulin) constitute about 80-90% w/w of the total soybean proteome. The relative levels of these proteins which can vary among genotypes, maturity, etc., have a significant impact in final soybased food nutritional and functional properties [12, 13] . Protein profiling has also been demonstrated to be useful to carry out processing control studies and detection of soybean food adulteration [14] .
In a series of works, Fernandez Ocaña et al. [15, 16] demonstrated the potential of several target LC-MS approaches for the detection and characterization of the transgenic protein CP4 EPSPS in GM soybean and maize. Although the detection of newly expressed protein is important for the investigation of the intended effect that results from the genetic modification, protein profiling will increase the chances of detecting unintended effects. In addition to SDS-PAGE [17] , and immunological methods [18] , 2-DE combined with MS is still the most widely approach to compare entire plant proteomes (or subproteomes) to identify the differently expressed proteins [17, 19] . However, several advanced methodologies such us LC [20] , capillary electrophoresis [21] and multidimensional LC [22] have also been used for the profiling analysis of soybean proteins. Results have demonstrated the complexity of intact soybean protein separation. Thus, perfusion ion-exchange chromatography with UV detection was used for the separation of proteins from commercial soybeans, allowing 5 the characterization of these different wild soybean cultivars [20] . A perfusion reversedphase HPLC-MS method was also developed enabling the analysis of intact soybean proteins in different soybean cultivars to study the similarities and differences among soybeans with different pigmentation [23] . CE with UV detection was also used for the characterization of different pigmented soybeans as well as for the differentiation of transgenic and non-transgenic soybeans based on their protein profiles [7] .
Characterization of industrial soybean protein isolates has also been carried out without any previous separation step by direct analysis by MALDI-TOF MS [24] . In this case the composition of the different subunits of the most abundant proteins glycinin andconglycinin was used for a rapid fingerprinting of different industrial soybean protein isolates and a subsequent use of this methodology for quality control.
In general, the major difficulty in the analysis of proteins comes from their widely different physico-chemical properties (size, shape, charge and hydrophobicity).
Furthermore, the large number of proteins and the huge differences in abundance in real samples make especially difficult their analysis. These inherent differences are usually exploited in fractionation procedures in order to decrease sample complexity and thus facilitating their subsequent separation by chromatographic and electrophoretic techniques. However, efficient separation of complex mixtures of proteins by automatic techniques such as LC and/or CE within a single analysis is still very difficult, and identification of large proteins by MS is challenging. In this sense, peptides are in general better separated by LC and/or CE techniques and also more easily analyzed by MS than proteins. For these reasons, an alternative approach to protein profiling is the so-called "shotgun proteomics" [25] . In this approach, a complex protein mixture is first digested with a suitable protease to generate peptides. For the analysis of such a 6 complex mixture of peptides, a previous separation step in two or more chromatographic and/or electrophoretic dimensions before MS analysis is required since the resolution of only a mass spectrometer is usually not sufficient. Current nLC-MS/MS methodology with instruments capable of delivering nanoliter/min flow rates, has been successfully applied to proteomics research and has provided dramatic improvement in protein identification. Capillary electrophoresis-mass spectrometry coupling is also becoming an important tool in shotgun proteomics [26] as a result of the today's increasing need of new high-throughput methodologies. There is an increasing number of works using CE-MS for the analysis of peptides for a multiple type of applications (clinical diagnosis, analysis of pharmaceuticals and related substances, environmental applications, food analysis, etc.) [27] [28] [29] [30] . CE is a rapid and automated analytical technique that provides very high separation efficiencies, being complementary to LC since they are based on different separation mechanisms.
Currently, there is an increasing number of proteomic applications using multidimensional separation systems based on hyphenation of CE, CEC, LC, and MS techniques to separate complex mixtures of peptides. [31] . On the other hand, the online coupling between CE and MS has already demonstrated a huge potential in many applications fields [28] [29] [30] 32, 33] .
In this work, the use of CE-TOF MS is investigated as a complementary non-targeted tool to the existing analytical techniques to improve the probability of detecting unintended effects caused by a genetic modification. More precisely, a new CE-TOF MS method is developed for soybean shotgun proteomics giving additional evidences on the safety assessment of this GM crop compared with its traditional counterpart. 7 
Materials and methods

Chemicals and samples
All reagents employed in the preparation of CE buffers and sheath liquids were of MS grade. Isopropanol, ACN and water were supplied by Riedel-de Haën (Seelze, Germany) and methanol was from Sigma (Steinheim, Germany). Ammonium hydroxide and ammonium hydrogen carbonate were purchased from Fluka (Deisenhofen, Germany), formic and acetic acid were from Riedel-de Haën. The buffers were stored at 4º C and warmed at room temperature before being used. All chemicas for SDS-PAGE analysis (Tris, HCl, SDS, glycine) were from Sigma. Gels for SDS-PAGE analysis were prepared with 40% v/v acrylamide/bis-acrylamide solution with a 37. The soybean protein isolate (SPI) with 89.1% w/w of soybean protein (determined by Kjeldahl method) used during the method development was from ICN (Aurora, OH, USA). Soybeans SB10 (transgenic) and SB11 (isogenic non-transgenic) used for the comparative peptide study were grown under the same conditions in a growth chamber. 8 Transgenic and non-transgenic nature of these soybean samples was confirmed based on their DNA using an analytical procedure developed in our laboratory and described elsewhere [34] .
Protein extraction from soybean seeds
All beans were ground with a domestic miller prior to extraction. Protein extracts were prepared by directly dissolving 150 mg of ground sample in 1. as used by Garcia et al. [35] . After 10 min vortexing and 3 min sonication, extracts were centrifuged (9000 g) for 5 min. The supernatant fraction was collected and stored at -80º C until used. The total protein content was determined by the Bradford method using a commercial dye reagent from Bio-Rad (Hercules, CA) and using BSA as standard. All protein extracts were diluted to a concentration of 3 mg/mL before SDS-PAGE analysis (vide infra) or enzymatic digestion.
SDS-PAGE analysis
15 µL of the diluted protein extract was mixed with 15 µL of Laemmli buffer and heated in boiling water for 5 min. The mixture was then loaded in a 1.5 mm thick polyacrylamide gel. The SDS-PAGE gel was composed by a stacking gel with a large pore polyacrylamide gel (T=4%, C=2.6%) in 125 mM Tris-HCl, pH 6.8, 0.1% w/v SDS, over the resolving gel with a large pore polyacrylamide gel (T=14%, C=2.6%) in 375 mM Tris-HCl, pH 8.8, 0.1% w/v SDS buffer. The cathodic and anodic compartments 9 were filled with Tris-glycine buffer, pH 8.3, containing 0.1% w/v SDS. The electrophoretic run was performed by setting a voltage of 100 V until the dye front reached the bottom of the gel. Gel was stained in colloidal Coomassie brilliant blue and destained in 7% v/v acetic acid solution.
Enzymatic hydrolysis
Two protocols of enzymatic digestion were studied in this work. continuous shaking conditions in a thermomixer. The reaction was stopped heating at 90º C for 5 min, and the suspension was then centrifuged at 14000 g for 5 min. The supernatant fraction was collected and stored at -20º C prior to analysis by CE-TOF MS. Blank was performed under the same conditions by using the protein extraction solution plus digestion but without any protein.
CE-TOF MS analysis
Capillary electrophoretic analyses were carried out in a P/ACE 5010 CE apparatus from Beckman Instruments (Fullerton, CA, USA). Before first use, the separation capillary was conditioned by rinsing with 1 M NaOH for 10 min, followed by 20 min with Milli-Q water and 5 min with the separation buffer.
After each run, the capillary was conditioned with separation buffer for 4 min.
Injections were made at the anodic end using N 2 presure of 0.5 psi (34.5 mbar) for 20 s. made by duplicate and the abundance cutoff for mass spectra deconvolution was initially set at 10%.
Results and discussion
Protein extraction
Considering the great diversity and heterogeneity of proteins, simultaneous solubilization of all proteins from a certain tissue is still a challenge. In this work, two different protein solubilization solutions were used to study soybean proteins. First solution (TUC) contains chaotropes (urea and thiourea) and the detergent CHAPS, while the second solution is composed by ACN-water (80:20, v/v), as previously used by García et al. [35] . Although, total protein concentration of the extract solubilized 12 with TUC solution (25.2 mg/mL) was considerably higher that that obtained with the hydroorganic solution (3.2 mg/mL), the protein profiles were practically the same for both extraction process. Thus, as can be see in Figure 1 , the predominant presence of the storage proteins -conglycinin and glycinin was detected in both extracts.
The good quality of the protein extract obtained with the ACN/water mixture and its simplicity of preparation took us to select this procedure for further experiments.
Moreover, an additional advantage of using ACN/water is to prevent possible interferences of the high concentration of the chaotrophic agents of the TUC buffer on the subsequent hydrolysis with trypsin. In a previous paper [35] , our group demonstrated that ACN/water extracts can be used together with different LC-UV methods to obtain profiles useful to classify different soybean samples, including transgenic soybeans. However, only UV absorption at 280 nm was applied in that work [35] and, therefore, only relatively limited information about the extract composition could be obtained. Besides, these extracts were shown to be relatively unstable probably due to the unstable nature of the numerous proteins in the extract and the presence and action of proteolytic enzymes.
In order to obtain additional evidences on the safety assessment of this GM crop compared with its traditional counterpart, in this work, soybean samples are compared through the CE-MS analysis of the more stable peptidic fraction obtained from the enzymatic hydrolysis of the selected protein extracts. To do that, a new shotgun proteomics approach has to be developed in order to establish that comparison. 13 Trypsin, a pancreatic serine endoprotease, was selected in this work for soybean protein hydrolysis due to its highly specific cleavage at the C-terminal side of lysine and arginine, being the cleavage low-dependent on duration and conditions of digestion. The commercial enzyme used in this work has been exhaustively processed by reductive methylation to minimize autolysis and chymotryptic activity quenched by TPCK treatment. To carry out a suitable hydrolysis of the soybean proteins in the extract, a study of the best reaction conditions was performed taking into account the presence of other possible trypsin inhibitors in the sample. For this reason, two protocols of enzymatic digestion based on denaturalization of possible inhibitors of trypsin were investigated (see section 2.4). First, the use of high temperatures prior to digestion to inactivate trypsin inhibitors and increase protein digestibility, was studied [36] . Figure   2A shows the base peak electropherograms (BPE) obtained by CE-TOF MS of the different soybean protein hydrolysates (continuous line) and their corresponding blanks (dotted line) at three different trypsin-protein ratios (namely, 1:5, 1:25 and 1:50 w/w). It can be observed that heat treatment alone is not sufficient to completely inactivate trypsin inhibitors in the soybean protein extracts, and it is necessary to increase the trypsin-protein ratio to 1:5 w/w to observe a peptidic profile (upper electropherograms in Figure 2A ). It was also found that using an enzyme:substrate ratio of 1:5 w/w the autodigestion of the enzyme increased and the peptides from trypsin (dotted line) interfered significantly with the analysis of the peptide map from the SPI extract (continuous line), as can be seen in the two upper electropherograms in Figure 2A . For this reason, the use of hydrolysis with a reductive alkylation protocol was investigated in order to inactivate trypsin inhibitors and increase protein digestibility. Although reduction and alkylation steps are generally used to favor the accessibility of the 14 substrate in the enzymatic proteolysis, this method can also be used to inactivate trypsin inhibitors because the reduction of disulfide bonds alters protein structure reducing inhibitor activity [37] . The digestion under reductive alkylation conditions was performed as described under section 2.4, using two different enzyme-substrate ratios (1:50 and 1:25, w/w). In this case, a 1:5 trypsin-protein ratio was not investigated in order to skip the interferences coming from the auto-hydrolytic fragments from the enzyme at high concentration as shown in Figure 2A (upper dotted line) . After digestion using the reductive alkylation protocol, the soybean protein hydrolysates obtained were analyzed by CE-TOF MS and the results are shown in Figure 2B . As it can be observed in Figure 2B , the use of reductive alkylation protocol increased the protein digestibility allowing to obtain a good peptide map without interferences of auto-hydrolytic fragments from trypsin (dotted line). On the other hand, as can be seen in Figure 2B no significant differences between both trypsin-protein ratios (1:50 and 1:25, w/w) were found, therefore, a ratio of trypsin-protein 1:25 w/w was selected. In order to demonstrate the repeatability of the digestion procedure developed in this work, five different hydrolysis of the SPI extract were carried out under these conditions (i.e., using reduction and alkylation conditions and a 1:25 w/w trypsin-protein ratio). After CE-TOF MS analysis of the enzymatically digested protein extracts, the same set of peptides were found in all of them, so that, we apply this digestion protocol to carry out the enzymatic digestion of the protein extracts from the soybeans studied.
Optimization of tryptic digestion of soybean proteins
Optimization of CE-TOF MS conditions
The coupling between CE and MS requires the use of volatile BGEs compatible with electrospray ionization. In this work, volatile BGEs were studied together with low pH 15 buffers for CE-TOF MS analysis of the peptides from soybean samples. At extreme low pH values, the silanol groups of the capillary wall are protonated, minimizing peptide adsorption onto the inner capillary wall. Moreover, practically all peptides obtained from tryptic digestion should have at least two amine residues. Thus, at very low pHs the peptides should be positively charged (since the acidic groups would remain nonionized) and these biomolecules will migrate toward the cathode. However, the main drawback of the use of extreme low pH BGEs is the decreasing resolution among some peptides by diminishing their mobility differences. BGEs containing acetic acid or formic acid at different concentrations (from 0.5 M to 1.5 M) were studied in order to obtain best separations in the shortest analysis time. Better results in terms of signal/noise ratio were obtained using formic acid based electrolytes instead of acetic acid and, therefore, formic acid was selected for further experiments. Figure 3 shows the CE-TOF MS electropherograms from the tryptic digest of the SPI extract obtained using BGEs containing different concentrations of formic acid. For a better understanding of the effect of formic acid concentration, some characteristic peaks are marked with letters from A to H in Figure 3 . When increasing the concentration of formic acid it could be observed a gradual decreasing in the migration times. On the other hand, it was also observed a progressive decrease of the number of peaks. Namely, 240, 215, 190 and 150 peptides were detected by CE-TOF MS using 0.25 (pH 2.16), 0.5 (pH 2.02), 1 (pH 1.82) and 1.5 M (pH 1.69) formic acid BGEs, respectively. In summary, BGEs with lower concentration of formic acid allowed the detection of a higher number of peaks at the expense of a much higher analysis time. This behaviour is explained considering that higher concentrations of formic acid bring about lower pH values, increasing the positive charge of peptides and as a result, increasing their cathodal electrophoretic mobility, bringing about shorter analysis times and higher comigration during 16 separation. Due to the complexity of the sample, in shotgun proteome analysis by CE-MS not all comigrating peptides at a given analysis time will have optimum ionization conditions since the presence of strongly ionizable peptides will suppress the signal of the less ionizable ones. Moreover, complexity of the MS spectra is logically higher when comigration occurs. For these reasons, the higher the extent of comigration the lower the number of detected peptides. In this work, a BGE composed by 0.5 M formic acid was finally selected as a good compromise between number of detected peptides and analysis speed (see Figure 3C ).
It is well-known that sheath liquid has also a significant effect on robustness and sensitivity of CE-MS analysis when using a sheath-flow ESI interface. Thus, the type of organic solvent present in the sheath liquid was first studied in this work. Different mixtures of ACN, methanol, and isopropanol with water were tested. It was observed that a 50:50 (v/v) isopropanol-water mixture provided the best response in terms of sensitivity and signal stability. The addition of formic or acetic acid to this solution was not studied due to the high quantity of formic acid already present in the separation buffer. In our experience, this quantity is more than enough to ensure peptides ionization in the ESI interface. In addition, the spray was shown to be stable using a sheath liquid flow rate between 2 and 6 µL/min, reaching the best S/N value at 3 µL/min. Finally, the influence of the nebulizer pressure (0.2-0.7 bar) was studied. The best results in terms of MS sensitivity were obtained using a nebulizer pressure of 0.4 bar. Other ESI parameters selected were dry gas flow of 4 L/min and dry gas temperature of 200 ºC. Figure 4 shows the CE-TOF MS electropherogram obtained for the tryptic digest of a 17 SPI extract under the selected analytical conditions. Peptide mixture was analyzed in 32 min with good efficiencies (e.g., 238.000 plates/m for peak F). Tryptic peptides are usually assumed to be doubly charged as a result of the two basic sites. It was observed that the ESI interface produced in a considerable number of cases, triply and quadrupled charged peptides. Some examples are shown in Figure 5 , in which the mass spectra and the resulted neutral mass spectra after deconvolution are present for some representative peaks of Figure 4 , namely, A, C and G. In some cases, up to 5 species could be detected in the same peak (see, for example, Figure 5 Repeatability of the CE-TOF MS method was next studied for 6 of the entire set of peaks (named as A to H in Figure 4 ) within the same day (five consecutive injections) and three different days (n=15), obtaining %RSD values for analysis times lower than 1.6 % within the same day and lower than 2.5% in the inter-day study, corroborating the usefulness of this approach.
CE-TOF MS analysis of digested soybean protein extracts
The hydrolyzed protein extracts from conventional and GM soybean were analyzed by CE-TOF MS and the results are shown in Figure 7 . CE-TOF MS electropherograms of Figure 7 show peptide profiles different to that obtained from the commercial extract (i.e., soybean protein isolate, SPI) shown in Figure 4 . Namely, a slightly lower number of peptides seem to be detected in the extracts from conventional and GM soybeans of Figure 7 compared to that from the commercial SPI of Figure 4 . This can probably be due to the higher complexity of the "real" soybean extracts compared to the more purified SPI sample. Thus, depending on the methodology used for the protein isolation (isoelectric precipitation, centrifugation, precipitation, etc.) [38] , the protein content of the SPI could be modified compared with the protein content of soybean not subjected to any subsequent processing. Moreover, other soybean metabolites that have low molecular masses are expected to be present in the extracts from conventional and GM soybeans [39] . The presence of these species in the ESI chamber could generate certain suppression of peptides ionization leading to signal suppression.
To carry out an accurate comparison between conventional and GM soybean peptide 19 profiles of Figure 7 , five consecutive CE-TOF MS analysis of the hydrolyzed protein extract from conventional soybean were carried out. The overlapped peptide signals in the obtained mass spectra were deconvoluted in order to determine the uncharged mass of the biomolecules. The number of mass spectra to be processed in a single electropherogram was huge, therefore, the only alternative was to carry out an automated interpretation. To do this, the abundance cutoff for automatic detection of peptides was initially set at 5%. This parameter indicates the minimum percentage abundance of an ion, relative to the most intense ion in the spectrum that will be considered for the deconvolution, determining which m/z signals from the mass spectra will be used to find compounds. Although using an abundance cutoff of 5% a high number of peptides could be detected (more than 200), some of the peptides were not reproducibly found in all the replicates. Therefore, higher abundance cutoff percentage was specified in order to eliminate unstable signals from non-abundant peptides, at the expenses of obtaining a lower number of peptides and consequently less information.
Thus, using a cutoff of 15% a reproducible set of 151 peptides was detected in all the five samples. Next, the mass list produced using the cutoff value of 15% was used for the comparison between conventional and GM soybean.
As can be seen in Figure 7 , comparing the two samples (conventional and GM soybean)
it can be deduced that both CE-TOF MS electrophoretic profiles seem to be very similar. For a deeper comparison, masses of every detected peptide were calculated from the obtained mass spectra as indicated above. Peptides with molecular masses from 452.5 to 5178.8 Da were found in both samples. No differences between the 151 peptides detected were observed using the 15% cutoff and automatic deconvolution of the detected ions. These results seem to corroborate the equivalence between GM 20 soybean and its conventional counterpart. It should also be mentioned that other less abundant peptides were detected showing differences between the conventional and transgenic soybean. However, as mentioned before, these peptides were not included in the comparison as they did not fit within the repeatability constraint established for this study (i.e., all detected peptide must be detected in five consecutive injections). These results indicate that more work is required to further establish the equivalence between GM and conventional foods.
Concluding remarks and future outlooks
In this work, a shotgun proteomic approach based on the use of CE-TOF MS for the characterization of complex soybean protein hydrolyzates was developed. CE-TOF MS was investigated as a complementary non-targeted tool to the existing technologies to improve the probability of detecting unintended effects caused by a genetic 
